Abstract. Spin relaxation of electrons doped in InP quantum dots was studied by means of luminescence pump-probe and Hanle measurements. Optical pumping makes spins of doped electrons to be oriented in parallel to the helicity of the circularly polarized excitation. The luminescence pump-probe showed the spin orientation of the doped electrons decay on a millisecond time-scale. Hanle measurement clarified the spin dephasing relaxation time of doped electrons is 1.7 ns which is explained by the frozen fluctuation of nuclear spins.
Electron spins in quantum dots (QDs) are good candidates for the quantum memory in the quantum information technology, because transferring the quantum information from the photon polarization to the electron spin polarization is direct and one-to-one. Electrons in QDs are expected to have long spin lifetime and doped electrons in QDs have infinite lifetime. We investigated time-resolved optical orientation of charge tunable InP QDs and found that the spins of the doped electrons are oriented under the circularly polarized excitation and are preserved in part for up to sub-millisecond [1] . In this work, we report nanosecond dephasing time of the spins by means of Hanle measurement as well as up to millisecond preservation of the spin by means of photoluminescence (PL) pump-probe in the same QDs.
The samples studied are charge tunable one-layer InP self-assembled QDs grown on n + -GaAs substrates. The excitation source was a cw Ti:sapphire laser and the PL was detected by a photomultiplier with a 2-channel gated photon counter (GPC). A photoelastic modulator (PEM) was used to produce right and left circular polarization alternatively at 42 kHz in the detection path or the excitation path. The number of electrons in the QDs was varied with the change of the electric bias applied across the quantum structure. Trionic quantum beats in PL showed that each InP QD contains one doped electron on an average at the electric bias of −0.1 ∼ −0.2V [2] .
Under the electric bias of −0.1V, the negative circular polarization (NCP) was observed in PL of InP QDs under the circularly polarized quasi-resonant excitation and the longitudinal magnetic field of 0.1T. Time-resolved study of the PL circular polarization showed that NCP started at 100ps and is preserved within the recombination lifetime [1] . The NCP is explained by considering the optical pumping of the spins of doped electrons under the circularly polarized excitation and the simultaneous spin 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 Probe PL polarization for co-(P CO ) and cross-(P CR ) circularly polarized pump-probe (a), and the difference P CR − P CO vs. pump-probe delay (τ) (b). PL spectrum is shown in the inset.
flip-flop process of a photogenerated electron-hole pair in P-QDs in which the spin of the doped electron is oriented in parallel to the helicity of the circularly polarized excitation [1, 3] . For the time-resolved optical orientation of doped electrons in the time region far beyond the PL lifetime, a pump-probe PL was used [3] .
The timing of the pump, probe pulses and the gate of the photon counter is shown at the upper part of Fig.1 . We measured the probe PL polarization for co-circularly polarized pump-probe (P CO ) and cross-circularly polar- ized pump-probe (P CR ) as a function of pump-probe time delay τ. The experimental data are shown in the main panel of Fig.1 . The difference P CR − P CO is a good measure of the pump induced spin orientation of the doped electrons. A semi-logarithmic plot of P CR − P CO shows that the spin orientation of doped electrons decays nonexponentially and that the spin polarization decays on a millisecond time-scale. Spin relaxation rate increases with the increase of the temperature and the longitudinal magnetic field. The temperature dependence suggests two-phonon processes as the dominant spin relaxation mechanism in QDs at the elevated temperatures. Under quasi-resonant excitation, PL of singly electron doped InP QDs showed NCP at the Stokes shift of 49 meV even under zero magnetic field, as shown in Fig.2a . We measured the Hanle effect of the sample under the transverse magnetic field. The Hanle curves of singly electron doped InP QDs taken in the magnetic field up to 6 T and under the electric bias of −0.1V are described by the expression, ρ(B) [1] . The 1.7 ns spin dephasing time of the doped electron is much longer than the recombination lifetime. The time is almost consistent with the estimated electron spin dephasing time in the randomly distributed frozen fluctuation of the nuclear hyperfine field [5] . It is almost consistent with the dispersion of the hyperfine field caused by nuclear spin fluctuation measured from a clear zero-field dip (HWHM = 15mT) in the plot of the circular polarization vs. the longitudinal magnetic field. Dephasing rate increases with the increase of temperature, and its temperature dependence suggests the twophonon process for dephasing of the electron spin.
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